Obese individuals are at high risk for developing atherosclerosis primarily attributable to elevated plasma concentrations of apolipoprotein (apo)B-containing particles, including very-low-density lipoprotein (VLDL). Plasma levels of the adipose tissue adipokine resistin are increased in human obesity, and resistin expression is positively correlated with coronary atherosclerosis and VLDL levels.
T he worldwide prevalence of obesity has reached epidemic proportions, with more than 1 billion individuals worldwide characterized as being obese. 1 In North America alone, 1 in 3 adults is obese. 2 This is a problem because obese individuals are at greatly elevated risk for developing atherosclerotic cardiovascular disease (ASCVD), the leading cause of death in North America. 3 Fundamental to the accelerated rate of ASCVD development in obese individuals is the presence of dyslipidemia. Despite numerous advances in the treatment of dyslipidemia, up to 60% of abdominally obese individuals have metabolic dyslipidemia: an elevation in plasma levels of triglycerides, a reduction in plasma high-density lipoprotein (HDL) cholesterol, and an increase in plasma numbers of low-densitylipoprotein (LDL) particles, which are small and dense. 4, 5 The primary lipoprotein abnormality that drives the development of metabolic dyslipidemia in obesity is an elevation in plasma levels of very-low-density-lipoprotein (VLDL), which precedes and is metabolically linked to each component of metabolic dyslipidemia. 6, 7 Elevated VLDL in obesity is primarily attributable to increased hepatic secretion of VLDL triglycerides and apolipoprotein (apo)B. 6, 7 Although several mechanisms have been proposed, including whole-body and hepatic insulin resis-tance and increased free fatty acid (FFA) flux to the liver, these factors only partially explain increased hepatic VLDL secretion in obesity and do so in some but not all in vivo or cell culture models. 8 -10 Therefore, other factors need to be investigated.
Such other factors may originate at adipose tissue, which is in excess in obesity. 11 Adipose tissue plays an important role in regulating systemic metabolism via intertissue communication to metabolically active tissues, including the liver. 9, 11 Such cross-talk is mediated by adipocyte-derived factors (adipokines) and cytokines secreted by adipose tissue. 9, 11 One such adipokine is resistin. Circulating resistin levels are increased in obesity and are correlated with body mass index (BMI) and visceral fat content. [12] [13] [14] [15] [16] Resistin is a member of a class of small cysteine-rich secreted signaling proteins, collectively termed resistin-like molecules. [17] [18] [19] In humans, resistin is secreted by both adipocytes and macrophages in adipose tissue. 18, 20 A recent study investigated gain-of-function effects of resistin on dyslipidemia in mice. The study showed that adenoviral overexpression of murine resistin results in elevated plasma triglycerides and cholesterol and also stimulates in vivo VLDL-triglyceride production. 21 The quantity of resistin in these mice, however, were well above human physiological levels. 21 Moreover, the effects of resistin on VLDL apoB metabolism, a key determinant of plasma VLDL levels, were not investigated. 21 Finally, effects of resistin on VLDL regulation at the cellular hepatocyte level were not studied. 21 Conversely, another more recent study showed that whole-body gene deletion of resistin in mice that are either genetically obese (ob/ob) or induced to become obese through high-fat feeding results in significant reductions in plasma triglycerides and cholesterol and also reductions in in vivo VLDL-triglyceride secretion. 22 Again, similar to the earlier study, the effects of physiological resistin levels were not investigated, neither were VLDL apoB metabolism or VLDL regulation at the hepatocyte level. 22 Translating the mouse data on the role of resistin in dyslipidemia development in obesity to humans is of tremendous potential importance in reducing the alarming ASCVD rates in human obesity. However, species-specific differences in resistin indicate that the results in mice may not necessarily translate to humans. There is only a 53% homology between the human and murine resistin genes. 17 Moreover, some but not all prior studies have found significant associations between circulating resistin levels in humans and VLDL levels. 18, 19 Many of these studies, it should be noted, involved a small number of subjects. 18, 19 The more recent studies using more optimized resistin assays do show significant correlations between the two. 19 A recent large population-based Framingham study, for example, did find highly significant associations between serum resistin levels and serum apoB and serum triglycerides. 23 No study, however, has investigated a potential cause and effect relationship between resistin and VLDL levels in humans.
We therefore investigated the effects of human resistin on cellular VLDL regulation in human hepatocytes. We showed for the first time that human resistin directly mediates hepatic pathophysiological processes commonly associated with obesity. Resistin, at physiological concentrations, directly and potently stimulates atherogenic apoB/VLDL secretion and also results in the significant accumulation of hepatocyte lipids, indicative of hepatic steatosis. Mechanisms by which human resistin promotes hepatic apoB-containing lipoprotein oversecretion are multifold and include increased de novo lipogenesis via the SREBP1 and SREBP2 intracellular pathways, enhanced microsomal triglyceride transfer protein (MTP) activity, and reduced hepatic insulin signaling. These findings and the observation that antibody removal of human serum resistin ameliorates human serum stimulation of hepatocyte apoB secretion indicates that human resistin is an attractive and novel therapeutic target for mitigating hepatic dysregulation of lipid and lipoprotein processes, dyslipidemia, and ASCVD, commonly associated with obesity.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org and includes detailed information regarding the following: cell culture protocols, real time RT-PCR, immunoprecipitation and Western blotting, oil red O for determination of cellular neutral lipid content, GC quantification of cellular lipids, EM photography of cell secreted lipoproteins, fast protein liquid chromatography (FPLC) lipoprotein distribution of secreted cell lipids, MTP enzyme activity assay, characteristics of patients used for human serum collection, ELISA for measurement of serum resistin, and statistical analysis. 
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Results
Human Resistin Directly Stimulates Apolipoprotein ApoB Expression and Secretion in Human Hepatic HepG2 Cells
Cultured human hepatic HepG2 cells were maintained in 10% FBS-DMEM until 80% to 90% confluent, when HepG2 cells in 1% FBS-DMEM were treated with recombinant lyophilized purified human resistin (Calbiochem) reconstituted in millipore H 2 0. We confirmed that our human resistin source was indeed purified human resistin by applying the reconstituted human resistin to a 10% denaturing SDS-PAGE gel and using a rabbit polyclonal resistin antibody against human resistin (Santa Cruz) for detection. We observed a single 12 kDa band in our resulting immunoblot ( Figure 1A ), confirming that our resistin source was indeed purified human resistin.
All of the experiments to follow were performed three times and representative results are shown. We performed dose-response experiments in HepG2 cells, treating the cells with 0, 10, 25, 50 and 100 ng/mL of human resistin for 24 hours. We then performed immunoprecipitation on cell lysates and media, followed by Western blots to detect the cellular expression and secretion of human apoB protein. The constitutively expressed cellular proteins, ␤-actin and albumin were used as internal immunoblot controls to confirm equal protein loading in our apoB immunoblots of cell lysates and media, respectively. Treatment with resistin at 10 ng/mL resulted in a 50% increase in hepatic apoB secretion versus control, untreated HepG2 cells ( Figure 1B) . Treatment with 25 ng/mL resistin, a plasma concentration of resistin reported in normal lean humans, 14 further stimulated apoB secretion by 2-fold compared with untreated cells ( Figure 1B) . The human recombinant human resistin source used to stimulate human hepatocytes in all experiments was characterized via immunoblotting resistin. A total of 2 g of the human resistin was immunoblotted using a 10% SDS gel and a polyclonal antibody against human resistin. The results confirmed the expected 12-kDa size of human resistin. B, Human resistin markedly stimulated the cellular expression and secretion of apoB protein in HepG2 cells (compared with control untreated cells) maintained in 1% FBS for 24 hours in a dose-response manner. C, The peak stimulatory effect of human resistin on HepG2 cellular expression and secretion of apoB protein was observed at a 50 ng/mL dose of human resistin applied to HepG2 cells for 24 hours. D, Human resistin (50 ng/mL, 24 hours) significantly stimulated the cellular expression of apoB protein in primary rodent hepatocytes isolated from fresh rat livers and in primary human hepatocytes from fresh human livers (both from Invitrogen), compared with control untreated hepatocytes, on 24 hours of treatment.
Remarkably, addition of 50 ng/mL human resistin to HepG2 cells, a concentration of resistin in the range typically reported for obese individuals, 14 resulted in a 35-fold increase in cellular apoB protein expression and a 10-fold increase in secreted apoB versus untreated cells ( Figure 1C ). This finding demonstrates the highly potent effect of human resistin in mediating the production of apoB-containing lipoprotein particles and indicates a highly proatherogenic role for human resistin not previously identified.
Because the cellular expression of apoB protein was much greater than apoB secretion into the media with 50 ng/mL resistin, this indicates that much of the apoB synthesized as a result of resistin treatment is degraded before secretion. Nonetheless, the 10-fold elevation of apoB secretion induced by 50 ng/mL resistin treatment above control, untreated cellular levels, would be expected to greatly deteriorate the dyslipidemic profile of obese individuals because the plasma levels of apoB-containing lipoproteins in humans are largely determined by their hepatic rates of production. This is the key finding of this study.
Although a clear dose-response positive relationship was seen between 0 to 50 ng/mL human resistin on HepG2 apoB protein secretion, treatment of HepG2 cells with 100 ng/mL resistin, surprisingly reduced cellular apoB expression markedly and reduced its secretion versus that produced by 50 ng/mL resistin ( Figure 1C ). This amount of resistin (100 ng/mL) is a supraphysiological amount of resistin and we can surmise that it produced a negative-feedback effect on apoB protein production.
Human Resistin Directly Stimulates ApoB Expression in Primary Human and Rodent Hepatic Cells
To determine whether the stimulatory effect of human resistin on hepatocyte apoB protein expression in the above in vitro findings is relevant to humans and to rodent models, we treated mouse and rat hepatocytes freshly isolated from livers and cryogenically preserved human hepatocytes isolated from fresh human livers with human resistin at the optimum 50 ng/mL dose for 24 hours. Note that the recommended media for the primary hepatocytes was not optimal for maintaining the stability of apoB protein secreted into the media and we were thus not able to identify robust apoB protein bands from media. However, cellular apoB100 protein expression was clearly visible from primary cell lysates. As with our HepG2 cell results above, we observed significantly greater apoB protein expression in human resistin-treated cells versus untreated control cells in all species tested (mouse, rat and human) ( Figure 1D ). The percentage increases seen were in the 40% to 50% range for all three species. Although the magnitude of the stimulatory effect of human resistin on cellular apoB protein expression in primary hepatocytes was not as large as with HepG2 cells, this was expected because primary hepatocytes are not as metabolically active as cultured hepatoma HepG2 hepatocytes. Nonetheless, we did confirm, importantly, that our key finding is applicable to humans and rodent models. We wished to determine whether the acute stimulatory effect of human resistin on hepatic apoB protein expression and secretion is maintained for a prolonged period of time. We observed that the stimulatory effect of 50 ng/mL resistin treatment (the dose of resistin that we found to be most deleterious on hepatocyte apoB secretion) on HepG2 apoB secretion observed at 24 hours was maintained after 48 hours (not shown), demonstrating the prolonged stimulatory effect of human resistin on hepatic apoB. This can be interpreted in at least 2 ways. One interpretation is that the resistin peptide is very stable in cellular media; another possibility is that resistin induces a prolonged enhancement of the cellular machinery that stimulates apoB production and/or stability.
Human Resistin Stimulation of Hepatic
We wished to further investigate the time-course effects of human resistin on hepatic apoB secretion. A steady increase in apoB protein secretion into HepG2 cell media was observed as early as 4 hours after resistin treatment and up until the 24-hour length of the experiment, when the maximal cumulative effect on apoB protein expression in the media was observed ( Figure  2A ). Because apoB transcription in human hepatocytes has been reported to require 16 hours 24 and apoB translation requires less than 15 minutes, 25 this indicates that cellular mechanisms which are intermediate to apoB mRNA and protein synthesis processes are enhanced by human resistin. Stimulation of hepatic cellular enzymes which enhance apoB stability, decreased expression of key proteins in the intracellular insulin signaling pathway, and/or increased cellular neutral lipid content, all of which are known to enhance apoB stability, are plausible mechanisms that we investigated (described in a further section of the Results below).
Next, to determine the magnitude or potency of the effect of human resistin on hepatic apoB expression and secretion, we compared the effect of the abundant plasma monounsaturated FFA, oleate, traditionally and commonly used to stimulate hepatic apoB production, to that of resistin. This is particularly of concern in obese humans, in whom plasma FFA levels, including that of oleate, are elevated. Exposure of hepatocytes to 100 mol/L oleate for 24 hours increased cellular apoB expression and secretion by 55%, in comparison with the 10-fold increase in apoB secretion induced by 50 ng/mL described above ( Figure 2B ). To give a clearer idea of the potency of human resistin to oleate, 50 ng/mL of resistin is equivalent to 4.6 pmol/L or 4.6ϫ10 Ϫ6 mol/L resistin, in comparison with the 100 mol/L oleate that we used to stimulate the human hepatocytes. Thus, human resistin is potentially a highly potent therapeutic human drug target. Addition of 100 mol/L oleate to resistin (50 ng/mL, 24 hours) did not further stimulate hepatocyte apoB expression or secretion.
The next question was whether this amount of human resistin is toxic to hepatocytes. We therefore performed trypan blue staining of HepG2 cells on 50 ng/mL of resistin treatment to determine cell viability. The results showed that no reduction in hepatocyte viability was seen with either 50 ng/mL or 100 ng/mL human resistin treatment for 24 hours (not shown).
The elevated plasma FFA levels observed frequently in obese humans, as discussed above, contributes in large part to the pathogenic ectopic fat distribution and fatty livers commonly observed in these individuals. 26 Therefore, a key further question is whether a model of "fatty liver" transformed hepatocytes would react differently to human resistin than normal hepatocytes. To test this question, we preloaded HepG2 cells with 500 mol/L oleate for 24 hours before 24-hour resistin stimulation of the cells. This amount of oleate was sufficient to increase neutral lipid content of the cells, without inducing cell toxicity. Our results showed that although resistin still significantly increased hepatocyte apoB secretion in oleate preloaded cells, the magnitude of the apoB-stimulatory effect of resistin was diminished (Ϸ55% above control, untreated cells) ( Figure 2C ). Such a decrease in apoB secretion with high and prolonged FFA incubation of hepatocytes has been reported before and may be a protective effect of the liver to avoid very large increases in hepatic VLDL production. 27 Alternatively, it may contribute to liver pathogenesis such that in conditions of high peripheral FFA concentrations and elevated FFA accumulation in the liver, the liver FFA is shunted to its neutral, storage lipid form (triglycerides), which then further contributes to and worsens the fatty liver phenotype.
Human Resistin Stimulates the Secretion of Atherogenic VLDL Particles in HepG2 Cells
We next investigated the characteristics of the apoBcontaining lipoprotein particles produced as a result of treatment of human hepatocytes with human resistin. FPLC (size exclusion chromatography) was used to determine the effect of human resistin treatment on the lipid composition of lipoproteins secreted by HepG2 cells. We compared the lipoprotein distribution of secreted lipids by HepG2 cells after 24 hour incubation with human resistin at a concentration of 50 ng/mL, the most effective resistin dose, and compared it to untreated control HepG2 cells. We collected concentrated media from 6-to 10-cm plates from each treatment group. The concentrated media was Ϫ12 mol/L) on HepG2 apoB100 cellular expression and secretion (24 hours) is much more potent than the FFA, oleate (100 mol/L). C, Preloading HepG2 cells with oleate (500 mol/L) to reflect cellular fatty acid accumulation in a model of fatty liver, diminished the effect of resistin (50 ng/mL, 24 hours) on apoB.
then injected into Superdex FPLC columns, fractionated and eluted and individual fractions were analyzed for triglycerides and cholesterol. The results showed large increases in the triglyceride and cholesterol contents of the secreted VLDL fraction as a result of human resistin treatment, with virtually no change in lipid contents of the secreted LDL or HDL fractions. There was no difference in the secreted glycerol peaks or profiles between control, untreated cells and resistin-treated cells. The magnitude of the increase in secreted VLDL triglycerides and cholesterol was more than 8-to 9-fold with human resistin treatment, relative to control untreated cells ( Figure 3A and 3B).
As indicated in the first section of the Results above, the secretion of apoB protein by HepG2 cells increased markedly by approximately 10-fold with human resistin treatment, along with the resistin-mediated increase in secreted VLDL lipids described here. Thus, increased secreted VLDL lipid components by HepG2 cells treated with resistin occurred concurrently with an increase in secreted VLDL particle numbers with resistin. Therefore, with resistin treatment, individual VLDL particles would be expected to have smaller content of triglyceride and cholesterol compared to VLDL particles secreted by control, untreated HepG2 cells. This would indicate that the type of VLDL particles secreted by resistin-treated hepatocytes are smaller, more numerous, and therefore more atherogenic than that secreted by control, untreated hepatocytes. 28, 29 Small, dense apoB-containing particles have been reported to more readily enter the arterial intima, thereby initiating and accelerating atherosclerotic plaque formation in arterial walls. 28 To confirm whether this is the case, we performed electron microscopy (EM) analyses on media from HepG2 cells, either untreated or treated with 50 ng/mL resistin for 24 hours. The VLDL fraction from the media was first isolated via density ultracentrifugation of the media at d1.006 g/mL. The VLDL fraction was then fixed and stained with osmium and imaged using EM. EM analysis using the NIH Image J software program showed a mean VLDL diameter of 80 nm in the resistin-treated samples, which was less than that of control, untreated samples ( Figure 3C) . Furthermore, the quantity of VLDL particles in a representative 100 cm 2 area was greater in resistin-treated samples by a mean of 10-fold ( Figure 3C ). Note that these results are derived from HepG2 cells and should in future also be repeated in an in vivo setting on resistin treatment in animal model and human settings.
We also characterized the apoC and apoE protein expression by HepG2 cells treated with human resistin (50 ng/mL) and compared them to that secreted by control, untreated HepG2 cells. There was no difference in apoCI or -CIII protein expression in HepG2 cells treated with or without resistin (not shown). This suggests that the VLDL particles secreted by hepatocytes treated with human resistin are not different in terms of their capacity to activate lipoprotein lipase mediated lipid hydrolysis or lipolysis, a major circulatory remodeling enzyme. There was, however, an increase in the expression of secreted apoE in human resistin-treated hepatocytes ( Figure 3D ), which is a ligand for hepatic lipase, which does induce lipoprotein lipolysis at hepatocytes and can induce the formation of smaller, denser lipoprotein particles.
Human Resistin Induces Hepatic Lipid Accumulation in HepG2 Cells
We wished to determine whether the deleterious hepatic effects of human resistin extend not only to increased secretion of apoB-containing lipoproteins, but also to increased hepatocyte lipid content, as the 2 processes frequently occur together in such conditions as obesity, insulin resistance and type 2 diabetes mellitus. 30, 31 We therefore performed oil red O/hematoxylin staining of HepG2 cells either untreated, treated with 100 mol/L oleate for 24 hours as a positive control, or treated with 50 ng/mL or 100 ng/mL human resistin for 24 hours. The experiments using resistin were performed in the absence of oleate to assess the direct effect of human resistin on hepatocyte neutral lipid accumulation, independent of the effect of exogenous fatty acids, and also, to compare the effect of resistin with that of oleate. The results showed a clear increase in hepatocyte neutral lipid content in human resistin-treated HepG2 cells versus control, untreated HepG2 cells ( Figure 4A ). The increased cellular neutral lipid content with resistin treatment was similar in magnitude to that observed with 100 mol/L oleate treatment.
To quantify the hepatocyte lipid changes induced by human resistin, we performed gas chromatography (GC) analysis of lipids extracted from harvested hepatocytes either untreated or treated with human resistin (50 ng/mL) for 24 hours. GC analyses showed a 25% increase in triglyceride content, an 15% increase in cholesteryl ester content, and a 3% increase in the free cholesterol content in hepatocytes treated with resistin for 24 hours ( Figure  4B ). Therefore, the results indicate that human resistin acts acutely to markedly increase hepatocyte triglycerides and cholesterol and can potentially directly induce fatty liver and hepatic steatosis concomitant with increasing hepatic VLDL secretion.
Human Resistin Stimulation of ApoB Is Partly Mediated at the mRNA Level
Results from our real-time RT-PCR analyses demonstrated that human resistin stimulation of hepatocyte apoB expression is partly mediated at the transcriptional level. There was a significant increase in apoB mRNA expression in HepG2 cells with 50 ng/mL human resistin treatment for 24 hours ( Figure 5A ). In contrast, apoB mRNA levels were at control levels with 100 mol/L oleate treatment.
Key Mechanisms By Which Human Resistin Stimulates Hepatocyte ApoB Expression and Secretion: Increased MTP Activity and Reduced Insulin Signaling
We wished to investigate mechanisms by which human resistin stimulated increased hepatocyte expression and secretion of apoB protein. Because our time-course hepatocyte apoB secretion study described above showed a much more rapid increase in apoB secretion than would be required for increased apoB transcription solely, and because it is well known that apoB is primarily regulated by co-and posttranslational mechanisms, particularly co-and post-translational apoB degradation, we sought to investigate regulators of cellular apoB degradation. 8 We first determined whether human resistin inhibits apoB degradation through the classic proteasome-dependent degradation pathway by adding the optimal dose of human resistin (50 ng/mL) to the proteasome-dependent inhibitor of apoB degradation, lactacystin, at the optimal dose and time (10 mol/L, 24 hours). 32 We found a similar increase in the cellular expression and secretion of apoB in HepG2 cells with lactacystin and resistin, indicating that human resistin acts to increase hepatocyte apoB primarily through inhibition of proteasome-mediated apoB degradation.
Increased hepatocyte availability of lipids for incorporation with apoB is a key mechanism by which apoB degradation is inhibited 8 and indeed, as indicated in the Results section above, human resistin increased cellular neutral lipids, which can then be accessed by apoB during its assembly into VLDL particles. The intracellular endoplasmic reticulum (ER) apoB chaperone and enzyme, MTP, is crucial for the transfer of such lipids to apoB and is thereby a key regulator of intracellular apoB degradation/stability. 8 Assessment of cellular MTP protein expression and lipid transfer activity, in HepG2 cells in response to human resistin treatment (50 ng/mL, 24 hours) showed significant increases in both MTP parameters, demonstrating for the first time, that human resistin directly stimulates MTP in human hepatocytes (Fig-ure 5B) . MTP mRNA levels, however, were not altered by resistin.
Another important regulator of hepatocyte apoB/VLDL assembly and degradation/stability is the intracellular insulin signaling pathway. Reduced signaling activity in this pathway has been shown to enhance apoB stability, both directly and indirectly, by enhancing the cellular availability of lipids, and also by inducing increased MTP expression. 33, 34 We found that human resistin (50 ng/mL, 24 hours) significantly decreased the expression of key hepatocyte proteins in 2 key intracellular insulin signaling pathways by Ϸ15% to 50% ( Figure 5C ): insulin receptor substrate (IRS)-2, Akt, and phosphorylated Akt(Ser473) in the Akt/PI3 kinase (Akt/ PI3K) pathway and extracellular signal-regulated kinase (ERK) and phosphorylated ERK in the mitogen-activated protein kinase/ERK (MAPK/ERK) pathway. Although resistin-mediated decreases in IRS-2 and serine phosphorylated Akt have previously been reported in human hepatocytes, 35, 36 our results showing human resistin reduction of insulin signaling in the MAPK/ERK pathway is a novel finding.
Increase in Cellular Neutral Lipid Content and VLDL Lipid Secretion Induced by Human Resistin Is Mediated Through the Induction of the Cellular SREBP1 and SREBP2 Lipogenic Pathways but Not by Changes in AMP Kinase
We wished to determine whether the resistin-mediated increase in hepatocyte lipid content and secreted VLDL lipids is attributable to increased cellular de novo lipogenesis. As intracellular neutral lipids inhibit intracellular apoB protein degradation and enhance apoB protein stability, the increase in cellular neutral lipids observed with resistin treatment explains in part the enhanced apoB protein expression and subsequent increase in apoB protein secretion with resistin. Indeed, the results showed significantly increased mRNA expression of SREBP1 and SREBP2 genes, the master transcription factors in the fatty acid/triglyceride and cholesterol cellular biosynthesis pathways, respectively, on HepG2 human resistin treatment (50 ng/mL, 24 hours) ( Figure 6A ). This was associated with a significant 3-fold increase in the expression of ACC (acetylcoenzyme A carboxylase) and significant 2-fold increases in the mRNA expression of key SREBP2 intracellular cholesterol biosynthetic target enzymes: HMG-CoA reductase, HMG-CoA synthase, and squalene synthase ( Figure 6B ). In terms of the SREBP1 pathway, SCD, which mediates intracellular monounsaturated fatty acid biosynthesis, and DGAT1, which mediates intracellular triglyceride biosynthesis, increased by smaller but significant extents with hepatocyte human resistin treatment ( Figure 6C) .
Another potential and well-described mechanism by which hepatocyte cellular lipid content can be increased is via decreased lipid/fatty acid oxidation via the AMP kinase (AMPK) pathway. We therefore determined the effect of human resistin (50 ng/mL, 24 hours) on HepG2 AMPK and phosphorylated (p)AMPK protein expression via Western blot. We found no change in the expression of either AMPK Figure 4 . Examination of the lipid content of HepG2 cells stimulated with human resistin vs control hepatocytes. Cells were either untreated (control hepatocytes) or treated with: 100 mol/L oleate, 50 ng/mL resistin (in the absence of oleate), or 100 ng/mL resistin (in the absence of oleate). A, Oil red O/hematoxylin staining of neutral lipids in HepG2 cells showed a greater cellular neutral lipid content with 50 ng/mL resistin treatment vs untreated control cells, which was comparable to 100 mol/L oleate treatment, but not to 100 ng/mL resistin treatment, after 24 hours. B, Gas chromatography (GC) analyses of HepG2 cell extracted lipids after 24 hours of treatment with 50 ng/mL human resistin showed significant increases in cellular triglycerides and cholesteryl esters, with lesser increases in cellular free cholesterol content.
proteins with resistin treatment. A previous study did report a small, significant decrease in pAMPK protein expression with human resistin treatment of HepG2 cells, a difference that may be attributed to antibody differences in detection of AMPK subunits (the ␣2 subunit in the prior study and both ␣1 and ␣2 subunits in the present study) and phosphorylation sites of pAMPK (Ser473 in the prior study and Thr172 in the present study). 36 
Removal of Resistin in Human Serum Ameliorates the Stimulatory Effect of Obese Human Serum on Hepatic ApoB Secretion
We wished to examine whether, in a physiologically relevant human setting, resistin stimulates hepatocyte apoB secretion. We therefore incubated HepG2 cells with serum (10% in DMEM for 24 hours) from metabolically well characterized obese (19 individuals with BMI Ͼ30 kg/m 2 and Ͻ35 kg/m 2 ) and lean (17 individuals with BMI Յ25 kg/m 2 ) humans from the multiethnic M-CHAT (Multicultural Community Health Assessment Trial) study. 37, 38 For the present study, serum was obtained solely from male patients from the M-CHAT study (Nϭ36). Patients used in the present study had a mean age of 50 years (Online Table  I ). Lean individuals had a mean BMI of 23 kg/m 2 , a mean waist circumference (WC) of 84 cm, whereas obese individuals had a mean BMI of 32 kg/m 2 and a mean waist circumference of 106 cm (Online Table I ). Subjects from both European white and South Asian ancestry were included. Lean and obese subjects had similar serum total cholesterol and LDL-cholesterol levels and similar glucose levels (Online Table I ). As expected, obese subjects had significantly greater serum triglyceride and lower HDL-cholesterol concentrations than their lean counterparts (Online Table I ).
We performed 24-hour incubation of HepG2 cells with 10% serum from our well-characterized human lean and obese individuals. The results demonstrated a striking and significant 5-to 8-fold greater stimulatory effect of obese human serum on cellular apoB protein expression versus lean controls (determined via immunoprecipitation and Western blot of cell lysates ( Figure 7A ). This is the first identification of stimulatory effect of obese human serum on hepatocyte apoB. Serum resistin levels were further measured in all subjects via ELISA, showing a significant 50% elevation in serum resistin levels in obese versus lean individuals, associated with the greater obese serum stimulation of hepatocyte apoB, and implicating elevated serum resistin in obesity with increased hepatocyte apoB production ( Figure 7B ).
We also compared the effects of lean serum stimulation of hepatocyte cellular apoB expression (24 hours) with serumfree incubation of hepatocytes and found, surprisingly, that apoB expression was 30% lower with lean serum stimulation of hepatocytes versus serum-free controls ( Figure 7C ). This inhibitory effect of lean serum on hepatocyte apoB expression should be further investigation in future studies.
To further determine whether resistin in human serum directly plays a quantitatively important role in mediating hepatocyte apoB production, we performed immunoprecipitation polyclonal antibody removal of serum resistin, and examined the subsequent effect on cellular apoB expression. Antibody removal of resistin in lean human serum diminished cellular apoB significantly and remarkably by 50%; antibody removal of resistin in obese serum significantly reduced cellular apoB by 30% ( Figure 7D ). These results indicate that resistin in human serum plays a quantitatively important role in mediating hepatocyte apoB production. This further indicates that reduction or inhibition of serum resistin in humans is a potentially effective treatment for hepatic VLDL overproduction and dyslipidemia, both in obese and nonobese states.
Discussion
Here, we have showed for the first time that human resistin directly and potently stimulates VLDL apoB protein and lipid secretion by human hepatocytes. This key finding expands our understanding of resistin pathophysiology in humans and extends the recent reports of resistin-induced dyslipidemia in rodents. 21, 22 This is notable because the strong rodent data on the pathophysiological effects of resistin in mediating other metabolic impairments, including insulin resistance and inflammation, have not necessarily been translated to humans. 20 Despite the gap in our understanding of the role of resistin in humans, circulating resistin levels are increased in human obesity and have been shown to be correlated to BMI and visceral body fat in recent studies in humans. [12] [13] [14] [15] [16] Therefore, a role or roles for resistin in mediating metabolic impairments in human obesity have been proposed. This is more so because plasma resistin levels in humans are predictive of cardiovascular diseases (CVDs), such as coronary atherosclerosis, independent of the presence of obesity. 39 The finding in the present study that human resistin directly and potently stimulates VLDL apoB and lipid secretion in humans may explain, at least partly, the positive association of resistin with CVD in humans, although this needs to be specifically tested in a clinical setting. This is because elevated plasma VLDL levels are a driver for dyslipidemia development (in particular, metabolic dyslipidemia), the presence of which has been found in prior studies to be among the strongest risk factors for accelerated CVD development in humans. 6, 41 In the present study, we found a positive dose-response effect of human resistin (ranging from 0 to 50 ng/mL) in stimulating hepatocyte apoB protein expression and secretion. The stimulatory effect of resistin on apoB was present at all doses, to a maximum at 50 ng/mL resistin, a serum level of resistin reported in obese human subjects. 14 At this dose, resistin produced a nearly 10-fold increase in apoB protein secretion into hepatocyte media versus control, untreated cultured hepatocytes. Both the cellular expression and secretion of apoB were upregulated with resistin, indicating that cellular processes involving the synthesis and/or stability of apoB protein (both of which we confirmed) were stimulated by resistin, and that assembly of apoB into lipoprotein particles destined for secretion was enhanced. Our finding above in HepG2 cells that human resistin enhances hepatocyte apoB protein expression were confirmed in primary hepatocytes isolated from mouse, rat, and human livers, demonstrating the in vivo relevance of our findings.
This enhancement occurred independent of any marked increase in external sources of FFAs, a substrate and stimulator of hepatocyte VLDL production. This finding is consistent with some, but not all, previously published studies that concluded that although plasma FFA levels are frequently increased in obese humans with elevated plasma VLDL concentrations, an increase in peripheral FFA is not necessary Figure 7 . Role of resistin on hepatocyte apoB in a physiologically relevant human setting. A, Obese human serum (10% in DMEM, 24 hours) has a 5-to 8-fold greater stimulatory effect on HepG2 apoB cellular expression and secretion than serum from lean human subjects (10% in DMEM). B, Serum isolated from obese individuals for HepG2 apoB stimulation experiments had 50% greater resistin levels than serum from lean subjects. C, Lean human serum (10% in DMEM) stimulated cellular (shown) and secreted apoB to a lesser extent, by 30%, than serum-free (DMEM only) 24-hour incubation of HepG2 cells. D, Immunoprecipitation antibody removal of resistin in both lean and obese serum before incubation with HepG2 cells (24 hours) significantly diminished the stimulatory effect of the serum on HepG2 cellular (shown) and secreted apoB.
for elevating hepatic VLDL production in humans. 42, 43 Our findings, conversely, are consistent with the mice data demonstrating that resistin gene deletion or overexpression alters in vivo VLDL production despite lack of changes in serum FFA levels. 21, 22 We further demonstrated that resistin is a much greater stimulator of hepatocyte apoB than FFA. We exposed hepatocytes to 100 mol/L oleate, a FFA traditionally used to stimulate hepatic apoB production, and compared them to hepatocytes treated with 50 ng/mL resistin, with and without the addition of oleate. The apoB stimulatory effect of resistin was much more potent than that of oleate, because the amount of resistin used in this experiment (50 ng/mL) is the equivalent of 4.6ϫ10 Ϫ6 mol/L resistin, compared with the 100 mol/L oleate used. This suggests that resistin is potentially a highly potent therapeutic target in humans.
The elevated plasma FFA levels observed frequently in obese humans, as discussed above, contributes in large part to the pathogenic ectopic fat distribution and fatty livers commonly observed in these individuals. 26 Therefore, a key further question was whether a model of "fatty liver" transformed hepatocytes would react differently to human resistin than normal hepatocytes. To test this question, we preloaded HepG2 cells with 500 mol/L oleate for 24 hours before resistin stimulation (50 ng/mL, 24 hours) of the cells. This amount of oleate was sufficient to increase the neutral lipid content of the cells, without inducing cell toxicity. Our results showed that although resistin still significantly increased hepatocyte apoB secretion in oleate preloaded cells, the magnitude of the apoB-stimulatory effect of resistin was diminished (approximately 55% above control, untreated cells). Such a decrease in apoB secretion with high and prolonged FFA incubation of hepatocytes has been reported before and may be a protective effect of the liver to avoid very large increases in hepatic VLDL production. 27 Alternatively, it may contribute to liver pathogenesis such that in conditions of high peripheral FFA concentrations and elevated fatty acid accumulation in the liver, liver fatty acids are shunted to their neutral, storage lipid form (triglycerides), which then further contributes to and worsens the fatty liver phenotype.
An advantage to our present studies in human hepatocytes, compared to the whole-body mice studies investigating the role of resistin in dyslipidemia and VLDL generation, 21, 22 is that we assessed the direct hepatic effects of resistin, independent of possible cross-talk from signaling molecules derived from adipose tissue to the liver. Resistin is well known to affect the expression and secretion of other adipokines such as adiponectin and leptin and cytokines such as TNF-␣, which on their own can have effects on hepatic lipoprotein regulation via adipose-hepatic intertissue communication. 44, 45 Moreover, in the present study, we determined the impact of resistin on hepatic VLDL generation without the confounding effects of chronic hyperinsulinemia present in the mouse studies. 21, 22 The studies carried out thus far on resistinmediated dyslipidemia development in animals have been limited to mice with adenoviral overexpression of resistin or whole-body deletion of the resistin gene, both of which resulted in chronically altered circulating insulin levels, and, thus, the independent effects of resistin without hyperinsulinemia could not be determined. 21, 22 Hyperinsulinemia is seen frequently in many but not all obese individuals. 8, 9, 46 Chronic hyperinsulinemia and insulin resistance have been showed to be partially responsible for elevated VLDL production in several in vivo and cell culture models. 8, 9, 46 Previously, the direct effect of resistin in inhibiting insulin signaling in the PI3 kinase/Akt pathway was demonstrated in human hepatocytes 35 and, indeed, here, in our studies, we identified a role for resistin-mediated hepatocyte insulin resistance playing a role in the apoB stimulatory effect of resistin. More specifically, we confirmed significantly reduced expression of key proteins in the PI3 kinase/Akt insulin signaling pathway (IRS-2, Akt and phosphorylated Akt), 35, 36 and, for the first time, showed reduced expression of proteins in the MAPK/ERK insulin signaling pathway (ERK and pERK), as a direct result of human resistin treatment.
Whereas, in our dose-response resistin studies described above, we did demonstrate a dose-response increase in hepatocyte apoB protein expression and secretion with increasing physiological quantities of human resistin, we surprisingly found a sharp decline in hepatocyte apoB cellular expression and secretion with 100 ng/mL of resistin, a supraphysiological quantity of resistin, which has not been reported in humans. 14 Because we did not observe any decrease in hepatocyte viability with the supraphysiological resistin dose, increased cellular apoptosis likely does not explain the decline apoB protein expression and secretion with this dose of resistin. The possible cause of this reversal in apoB protein levels may be a negative-feedback effect of this quantity of resistin on the proteins directly involved in apoB production and stability (eg, MTP) or the signaling pathways that enhance apoB stability (eg, the lipogenic and insulin signaling pathways). 8 It may also be attributable to invagination and inactivity of the putative resistin receptors on supersaturation by supraphysiological amounts of resistin. This process has been described before for other serum factors. 47 Consistent with this notion, saturation of the putative resistin receptor, and plateau in resistin effects, have previously been described in rodent studies investigating the metabolic effects of resistin. 20 These possibilities will require investigation in a human setting in future studies.
In addition to the dose-response effects of resistin, we assessed the time course of the effects of resistin on apoB secretion and found that, at the optimal resistin dose (50 ng/mL), apoB secretion steadily increases in a curvilinear fashion with time, to a peak at 24 hours. An increase in apoB secretion was seen as early as 4 hours; because the length of time required for increased transcription of apoB is 16 hours, 24 processes involving apoB translation and/or stability, which require less time, must also be involved. Notably, the stimulatory effect of resistin was still seen at 48 hours, indicating prolonged apoB protein stimulation by resistin.
We did observe an increase in apoB mRNA levels with resistin, an effect not previously observed with other traditional apoB stimulators, such as oleate and insulin, 24, 48 which has, therefore, lead many investigators to conclude that apoB is principally regulated at the translational and posttranslation levels. 32 Here, we demonstrated transcriptional control of apoB with human resistin.
In addition to resistin-mediated stimulation of apoB transcription, processes involved in maintaining apoB stability/ decreasing apoB degradation (that is, post-transcriptional control of apoB) were also enhanced by resistin. We first determined whether human resistin inhibits apoB degradation through the classic proteasome-dependent degradation pathway by adding human resistin (50 ng/mL) to the proteasomedependent inhibitor of apoB degradation, lactacystin. 8 We found similar increases in the cellular expression and secretion of apoB in HepG2 cells with lactacystin and with resistin, indicating that human resistin acts to increase hepatocyte apoB primarily through inhibition of proteasome-mediated apoB degradation.
The intracellular endoplasmic reticulum (ER) apoB chaperone and enzyme MTP is crucial for the transfer of lipids to apoB and is thereby a key regulator of intracellular apoB stability/degradation. 8 Assessment of cellular MTP protein expression and lipid-transfer activity (that is, triglyceride transfer activity) in HepG2 cells in response to human resistin treatment (50 ng/mL, 24 hours) showed significant increases in both MTP parameters, demonstrating, for the first time, that human resistin directly stimulates MTP in human hepatocytes. The resistin-mediated stimulatory effect on MTP activity occurred rapidly, within 24 hours, whereas the reported half-life of MTP is 4 days. 49 Such a rapid effect on MTP activity by resistin can be explained by its stimulatory effect on de novo MTP protein synthesis.
Our observed resistin-mediated increase in apoB protein secretion by human hepatocytes indicates that resistin increases secreted VLDL particle numbers, because each VLDL particle secreted contains one apoB molecule. We confirmed this finding with EM photography of the VLDL particles in the resistin-treated hepatocyte media, which showed an approximately 10-fold increase in particles of the VLDL size range versus control-untreated hepatocyte media.
Consistent with the resistin-mediated increase in secreted VLDL apoB protein by human hepatocytes, there was a more than 8-to 9-fold increase in secreted lipids in the VLDL fraction, assessed using FPLC size-exclusion separation of hepatocyte media. Both VLDL triglycerides and cholesterol were increased as a result of resistin (50 ng/mL) treatment. Control, untreated HepG2 hepatocyte media (with no FBS added) showed virtually no particles (but not none) in the VLDL size range, which is consistent with previous studies showing this anomaly in this human cell line. In contrast to the large resistin-mediated increases in secreted VLDL lipids by hepatocytes, there was minimal change in secreted LDL or HDL lipids, indicating a specific, exclusive and directed effect of human resistin on VLDL secretion.
In addition to the composition of VLDL lipids and protein, the size of VLDL particles secreted in response to resistin treatment was determined via EM photography, and were shown to be smaller than VLDL particles produced by control, untreated human hepatocytes. This may be attributable either to resistin inducing smaller nascent VLDL particles to be secreted by hepatocytes or to resistin stimulating greater lipolysis of the nascent secreted VLDL particles by cell surface lipases, which cause smaller, denser particles to be generated. The main lipase on the surface of hepatocytes is hepatic lipase. 50 Because we found an increase in apoE protein secretion in resistin-treated hepatocytes, and apoE is a known hepatic lipase ligand, the increased apoE may have enhanced the VLDL lipolysis process in resistin-treated cells. 50 In contrast, levels of secreted apoC (apoCI or CIII) were not altered by resistin. ApoCI and -CIII are known to alter the activity level of the other dominant cell surface lipase in humans: the extrahepatic lipase lipoprotein lipase. 51 Because there was no change in secreted levels of apoC, we would not expect any change in lipoprotein lipase-mediated lipolysis of the VLDL particles produced by resistin, once they entered the circulation. All in all, because VLDL particle numbers were markedly increased and VLDL size was decreased by human resistin, this indicates that greater numbers of smaller, more atherogenic VLDL particles that can more readily enter arterial walls and induce atherosclerosis are generated by resistin. 52, 53 Notably, this may be the reason why elevated serum resistin levels in humans predict increased coronary atherosclerosis. 39, 40 Along with the increase in secreted VLDL lipids stimulated by hepatocyte resistin treatment, there was a marked increase in cellular neutral lipid content, visualized by oil red O staining. The magnitude of the resistin-mediated increase in hepatocyte lipids was similar to that of oleate-treated hepatocytes. This shows a potentially pathogenic steatotic effect of human resistin and is consistent with the increased incidence and association of hepatic steatosis in humans with elevated serum resistin levels. 54 We further quantified the specific lipids altered in hepatocytes as a result of resistin treatment and showed, through GC quantification, that hepatocyte triglycerides increased markedly by 25%, cholesterol esters by 15% and free cholesterol by 3%, versus control, untreated hepatocytes.
The dual increase in secreted VLDL lipids and hepatocyte intracellular lipids by resistin treatment suggests a multifactorial hepatic pathophysiological role of human resistin and makes resistin an attractive therapeutic target to inhibit. Moreover, these potentially lipotoxic effects of resistin should be examined further to determine whether oxidative stress is induced via lipotoxicity in hepatocytes. Resistinmediated oxidative stress and enhanced inflammation has previously been reported in human endothelial cells. 55 We did not find evidence of changes in AMP kinase expression or phosphorylation as a result of resistin treatment; therefore, AMP kinase-mediated alterations in hepatocyte oxidation levels and oxidative stress are not likely involved.
We wished to investigate potential mechanisms by which resistin mediates pathophysiological increases in expressed and secreted VLDL lipids and apoB by human hepatocytes. Our quantification of mRNA levels of the master genes initiating intracellular de novo lipogenesis (the SREBP1 and SREBP2 transcription factors) showed significant increases in their expression and also in their target genes involved in intracellular FFA/triglyceride and cholesterol biosynthesis, respectively, after 24-hour resistin treatment.
Because cellular neutral lipids enhance intracellular apoB protein stability, 8 the resistin-mediated increase in cellular neutral lipids, along with the reduction in intracellular insulin signaling, and stimulation of MTP activity can explain the enhanced apoB protein expression and secretion observed with hepatocyte human resistin treatment. All of these processes act to enhance apoB protein stability in hepatocytes, the main determinant of hepatocyte apoB protein levels. 8 We wished to further examine the relevance of our hepatocyte studies with human resistin, delineated in the above discussion, in a more physiological human setting. We did this by using serum from obese and lean human subjects, with relatively higher and lower serum resistin concentrations, respectively, to stimulate hepatocyte apoB expression and secretion. We tested the serum from 36 human males of either lean (BMI, Յ25 kg/m 2 ) or obese BMI (BMI, Ͼ30 and Ͻ35 kg/m 2 ) and WC. The individuals were otherwise healthy and were well characterized for lipid and lipoprotein variables. Our key finding here was that obese serum stimulated hepatocyte apoB cellular expression and secretion to a greater extent (by 5-and -fold, respectively) than lean serum. This is the first identification of a stimulatory effect of obese human serum on hepatocyte apoB. This indicated to us that factors in obese serum played a direct role in inducing greater hepatocyte apoB expression than lean serum.
Serum from obese individuals had 50% greater resistin levels than lean controls. We wished to test if the elevated serum resistin levels could count account for the greater hepatocyte apoB expression induced by obese human serum. When serum resistin was removed via immunoprecipitation using a polyclonal antibody against human resistin, the stimulatory effect of obese serum on hepatocyte apoB expression was reduced by 30%. This striking finding demonstrates that serum resistin has a quantitatively important role in mediating hepatocyte apoB production, and further demonstrates the potential of inhibitors of resistin as therapeutic targets to ameliorate dyslipidemia, particularly an elevation in apoB-containing lipoproteins, in humans.
Our control groups in the human serum hepatocyte apoB stimulation experiments included both lean serum-stimulated hepatocytes and hepatocytes incubated without serum (serum-free controls). Incubation of hepatocytes with lean serum, unexpectedly, had an inhibitory effect on apoB expression, compared to serum-free incubation of hepatocytes, and showed a further 50% decline in apoB expression on immunoprecipitation-antibody removal of serum resistin. Such an inhibitory effect of lean serum on apoB production should be investigated in future studies.
In conclusion, we have shown for the first time that human resistin induces hepatocyte oversecretion of VLDL apoB and lipids. At physiological concentrations, human resistin acts directly, in a dose-responsive manner, and much more potently than oleate, in stimulating hepatocyte secretion of increased numbers of smaller, more atherogenic VLDL particles, compared with control, untreated hepatocytes. Concomitantly, resistin elevates hepatocyte neutral lipid content, thereby explaining the positive association between plasma resistin levels and fatty liver and hepatic steatosis in humans. Associated resistin-mediated increases in de novo cellular cholesterol and triglyceride biosynthesis via the SREBP1 and SREBP2 pathways, respectively, can account for the increases in hepatic and secreted VLDL neutral lipids observed with human resistin treatment. Mechanisms by which human resistin induces hepatocyte apoB/VLDL oversecretion include stimulation of MTP activity and reduction in intracellular insulin signaling via both the PI3 kinase and MAP kinase pathways. A stimulatory effect on hepatocyte apoB secretion observed with obese human serum (with elevated resistin levels) incubation of hepatocytes was ameliorated by antibody removal of serum resistin. This indicates a quantitatively important role for serum resistin in mediating hepatic apoB production in humans.
Thus, in the present study, we have expanded our understanding of hepatic lipid and lipoprotein dysregulation in human obesity. In particular, we have further elucidated the mechanisms responsible for dyslipidemia development, particularly hepatic overproduction of VLDL, in obese humans, highlighting a key role for the adipose tissue-derived adipokine, resistin. Human resistin is, therefore, a potential therapeutic target for ameliorating the epidemic of dyslipidemia and ASCVD in human obesity, potentially reducing the high morbidity and mortality rates in these individuals.
Novelty and Significance
What Is Known?
• Serum levels of the adipose tissue secreted signaling protein resistin are elevated in obese humans compared with lean healthy individuals.
• Elevated levels of resistin in humans are highly correlated with development of cardiovascular diseases (CVD), including coronary atherosclerosis.
• Although CVD risk factors, including insulin resistance and inflammation, develop in response to elevated resistin in multiple mouse models, translation of mouse data to humans has been difficult, possibly because of the low identity between the human and mouse forms of resistin. Hence, the link between resistin and CVD in humans has remained unclear.
What New Information Does This Article Contribute?
• We show for the first time a direct causal role of human resistin in elevating serum apolipoprotein (apo)B-containing lipoproteins (including very-low-density lipoproteins), a major CVD risk factor.
• We identify the cellular mechanisms by which human resistin stimulates hepatic overproduction of apoB-containing lipoproteins, which include enhancing hepatocyte apoB protein stability and reducing hepatocyte insulin signal transduction.
There is a strong positive association in humans between serum levels of the adipose tissue biomarker resistin and CVD. Although the causes of accelerated CVD in individuals with elevated resistin are not known, serum levels of resistin have been shown to be correlated with levels of atherogenic apoBcontaining lipoproteins, a major CVD risk factor. This study was designed to determine whether human resistin directly influences the production of apoB-containing lipoproteins in human hepatocytes. Our results show that human resistin has a direct and potent stimulatory effect on human hepatocyte expression and secretion of apoB. The stimulatory effect of human resistin on apoB could be attributed to both enhanced cellular apoB stability, resulting from increased activity of microsomal triglyceride transfer protein (MTP), and to reduced expression of key proteins in the insulin signal transduction pathway (Akt, ERK). Although prior studies in rodent models have shown a direct causal role for resistin in elevated apoB levels, we show this effect for the first time with human resistin. We also elucidated the cellular mechanisms by which resistin stimulates hepatic apoB production. Thus, resistin is a novel and attractive therapeutic target for ameliorating dyslipidemia and CVD in humans.
